Longitudinal and Hall resistivities, scaling behavior, and magnetizations are examined to study the effect of flux pinning in Ba(Fe 1−x Co x ) 2 As 2 (BFCA) single crystals with x = 0.08 and 0.01. Larger values of activation energy, critical current density, and pinning force are obtained in BFCA with x = 0.10, indicating relatively strong pinning. The sign reversal of Hall resistivities is clearly observed in BFCA with x = 0.10. The correlation between longitudinal and Hall resistivities shows the scaling behavior of ρ xy ∝ (ρ xx ) β with exponents β = 3.0-3.4 and 2.0 ± 0.2 for BFCA crystals with x = 0.08 and 0.10, respectively. Furthermore, the normal-state Hall angle is also observed to follow cot θ H = T 2 + C in BFCA crystals, and is explained by the Anderson theory. The relatively large C/ value for BFCA with x = 0.10 also implies a larger contribution of impurity scattering due to more Co atoms, which may cause stronger pinning of flux lines. The results are analyzed and coincide with theory, including the pinning-induced backflow effect and plastic flow mechanism in vortex dynamics.
I. INTRODUCTION
Strong interest in transport properties has been stimulated by the discovery of superconductivity in FeAs-based compounds. In oxygen-free iron pnictides of RFe 2 As 2 (R = Ca, Sr, and Ba), hole doping by a potassium dopant has reached superconducting critical temperatures T c of 38 K, [1] [2] [3] whereas electron doping by a cobalt dopant reveals superconductivity at temperatures below 22 K. 4 To date, transport-property studies have shown low anisotropy, weak thermal fluctuation, and high upper critical fields in RFe 2 As 2 compounds. [5] [6] [7] Similar to high-T c superconducting cuprates, iron-based pnictides reveal rich properties in the mixed state. For example, magnetization and relaxation measurements on Ba(Fe 1−x Co x ) 2 As 2 (BFCA) compounds have shown a prominent second-peak effect, which is explained by a crossover from the collective to the plastic creep regime or a vortex structure phase transition from a rhombic to square lattice in the H-T phase diagram. [8] [9] [10] In contrast to BFCA compounds, however, Ca(Fe 1−x Co x ) 2 As 2 crystals do not exhibit such a second peak in the field dependence of magnetization, corresponding to one possibility of only the plastic creep mechanism in vortex dynamics. 11 Meanwhile, a recent study with small-angle neutron scattering and magnetic force microscopy suggested that the vortices remain in the single-vortex pinning limit in fields up to 9 T, which is inconsistent with the prediction of the collective pinning model. 12 Obviously, there remain questions about the vortex dynamics in RFe 2 As 2 compounds.
On the other hand, the anomalous Hall effect in the mixed state of type-II superconductors has been one of the most interesting subjects in the past two decades, and remains puzzling to researchers. In early works, transport measurements on certain high-T c superconductors have shown an anomalous sign reversal of Hall resistivity, [13] [14] [15] [16] [17] [18] which has been attributed to vortex pinning and vortex-vortex interaction, [19] [20] [21] or strong thermal fluctuation calculated in the time-dependent Ginzburg-Landau model. 22 Related theoretical works can be also found out in the references listed in Refs. 16 and 18 . The experimental results have demonstrated that the sign reversal of Hall resistivity is not only a phenomenon near T c , but a characteristic of the mixed state. Moreover, many researchers have argued that this effect should be viewed as a general consequence of vortex dynamics. The anomalous Hall effect is probably caused by flux pinning. For example, experimental results have shown a double sign reversal of Hall resistivity ρ xy for YBa 2 Cu 3 O y (YBCO) films in the strong pinning limit, 15 or a diminishing sign reversal of ρ xy for YBa 2 Cu 3 O y /PrBa 2 Cu 3 O y (YBCO/PBCO) superlattices with weaker pinning. 18 This is a topic of current interest but has never been examined in the new superconducting FeAs-based families. 23 Previous research has investigated Hall measurements on iron-based pnictides for their transport properties in a normal state. 4, [24] [25] [26] [27] [28] In this work, we study the mixed-state transport properties of BFCA single crystals with x = 0.08 and 0.10. We present a systematic investigation of the correlation between Hall resistivities and flux pinning in BFCA single crystals. Here the issue of flux pinning in BFCA with different Co dopants is interesting and worth debate since the overdoped Co contents seem to increase the number of pinning centers but accompany them with a lower T c . 9 Little is known about the role of Co contents in flux pinning. We will begin with the electrical-transport and magnetization measurements to probe the flux-pinning strength and mechanism in BFCA single crystals. Then we present the measured Hall resistivities and their scaling behavior correlated to longitudinal resistivities and show a sign reversal of the mixed-state Hall coefficient and stronger flux pinning for the BFCA single crystal with x = 0.10, which is the most interesting result in this article. The origin of stronger pinning in BFCA with x = 0.10 is debated via the analyses of the normal-state Hall angle. Finally we quantitatively analyze the sign reversal of Hall resistivity and the pinning force for BFCA with x = 0.10. All results are discussed in terms of the existing theories.
II. EXPERIMENTAL
BFCA single crystals were grown from self-flux in an alumina crucible and the crystals grown with the same batch show very similar properties, as described previously. 29 The crystals were well-formed plates and characterized by an x-ray diffractometer using Cu Kα radiation. The compositions have been determined by means of energy-dispersive x-ray spectroscopy done at different sites of each sample, and show a homogeneous Co distribution. For transport measurements, the crystals were cut into dimensions of 3×1.5×0.03 mm 3 . The crystal a axis, which was determined by Laue x-ray diffraction, is almost parallel to the longest axis. Five leads were soldered with indium, and a Hall-measurement geometry was constructed to allow simultaneous measurements of both longitudinal (ρ xx ) and transverse (Hall) resistivities (ρ xy ) using standard dc techniques. Hall voltages were taken in opposing fields parallel to the c axis up to 7 T and at a dc current density of ∼50 A/cm 2 . The magnetization was measured in a superconducting quantum interference device (SQUID) system (MPMS from Quantum Design). Figure 1 shows the x-ray θ -2θ diffraction spectrum for BFCA with x = 0.10, in which only the (00n) (n = 2, 4, 6, 8, and 10) diffraction peaks were observed, indicating that the [001] direction is perpendicular to the plane of the crystals. The inset of Fig. 1 shows the x-ray θ -2θ diffraction spectra in the region near the (008) peak for BFCA samples with x = 0.08 and 0. 10 a higher 2θ angle due to the Cu Kα 1 and Cu Kα 2 radiations. As can be seen, the (008) peak for BFCA with x = 0.10 positions at a higher angle due to a small decrease in the length of the c axis. The lattice constants of the c axis can be determined precisely to be 12.979 and 12.964Å for BFCA samples with x = 0.08 and 0.10, respectively. The values of the lattice constant are very close to those of BFCA samples with the same compositions reported by Ni et al. 30 This result is in agreement with the elemental analysis of their samples performed using wavelength-dispersive x-ray spectroscopy.
III. RESULTS AND DISCUSSION
Hall coefficient and electrical resistivities in the presence of magnetic fields for BFCA crystals in the mixed state were systematically investigated. Figures 2(a) and 2(b) show the resistivity as a function of temperature in magnetic fields parallel to the crystal c axis for BFCA samples with x = 0.08 and 0.10, respectively. The inset of Fig. 2(a) shows the temperature-dependent resistances normalized to their room-temperature values in zero field for BFCA samples within a wide temperature region. As seen, both the normalstate resistances for samples show metallic behavior, varying roughly linearly with temperature. The superconducting critical temperatures T c , defined by extrapolating the zero-field resistive transition to ρ xx = 0, are 22.7 and 21.8 K for BFCA samples with x = 0.08 and 0.10, respectively. The data are similar to those previously reported. [4] [5] [6] In Figs. 2(a) and 2(b), the resistivity under magnetic field shows a broadening behavior due to thermally activated flux motion, which has been proposed by Anderson and Kim, 31, 32 and can be described by
Here U is the activation energy, which is normally both field and temperature dependent. The inset of Fig indicating a relatively weak vortex pinning in BFCA. The values of U obtained in this study are larger than the reported data 8, 9 deduced from the magnetization relaxation rate. Such a difference is due to the relatively very low current density applied in our transport measurements. As seen in the inset of The power-law dependence of U with α = 0.5 has been proposed for YBCO crystals within the plastic vortex creep model. 34 Obviously, the activation energy does not scale with the predicted H −1 dependence 35 or the H −0.5 dependence. A slight deviation of α from a value of 0.5 for BFCA crystals possibly results from the crossover in flux dynamics from elastic to plastic creep as seen in YBCO crystals. 34 A much slower field dependence of U with U ∝ H −0.13 has been reported recently on Ba 0.72 K 0.28 Fe 2 As 2 single crystals. 36 The origin of this deviation requires further study.
Figure 3(a) shows two typical magnetization hysteresis loops measured at a temperature of 0.8T c for BFCA crystals with x = 0.08 and 0.10 in fields parallel to the c axis. According to the Bean critical state model, 37 the superconducting critical current density J c can be calculated. The inset of Fig. 3(a) shows J c versus the reduced temperature T /T c in zero field and 1 T for the corresponding samples. In Fig. 3(b) , the field dependences of J c at 0.8 and 0.9T c are presented. As can be seen, the BFCA crystal with x = 0.10 exhibits a larger critical current density at temperatures near T c , which is in agreement with the stronger pinning observed on the thermally activated flux motion in it. Furthermore, the second magnetization peak, which indicates the fishtail effect, can be clearly observed in the BFCA crystal with x = 0.10, as seen in Fig. 3(a) . As mentioned previously, different scenarios have been proposed to account for the origin of the observed second magnetization peak. [8] [9] [10] [11] [12] However, regardless of which scenario is adopted, be it a change in the dynamics of the vortex 10 or a transition from the collective pinning to plastic pinning, 8, 9 the appearance of the second magnetization peak implies relatively strong pinning in BFCA with x = 0.10, which is consistent with the 6 and Yamamoto et al., 7 respectively. This is an interesting subject that should be treated much more adequately elsewhere. The parameters of activation energy, maximum pinning force at 0.8T c , α, and h m for BFCA with x = 0.08 and 0.10 are listed in Table I for comparison. Indeed, stronger pinning was observed on the BFCA with the x = 0.10 sample. In addition, one can see that the values of activation energy in a field 1 T, U(1 T), for our BFCA samples are comparable with that of ∼5000 K for Ba 0.72 K 0.28 Fe 2 As 2 single crystals. 36 Other parameters also shown in Table I will be discussed later.
Figures 4(a) and 4(b) show the temperature dependence of Hall resistivity ρ xy for BFCA samples with x = 0.08 and 0.10, respectively. The negative normal-state Hall resistivity ρ xy reveals an electron-dominating transport, and gradually becomes Additionally, for a fixed temperature, the magnetic-field dependence of ρ xy was also studied. Figures 5(a) and 5(b) show the magnetic-field dependence of ρ xy for BFCA with x = 0.08 and 0.10 at various temperatures, respectively. As can be seen, the Hall resistivity of BFCA with x = 0.08 does not reveal an anomalous sign reversal in the measured-temperature region, while the sign reversal of Hall resistivity can be observed on BFCA with x = 0.10 at the measured temperatures, which is consistent with the results shown in Figs. 4(a) and 4(b). As seen in Fig. 5(b) , the magnitude of positive maximum Hall resistivity, ρ xy , max , increases with an increase in temperature, reaching a maximum at 21.0 K, and then diminishes with a further increase in temperature. The observed sign-reversal behavior of Hall resistivity for BFCA in the mixed state is similar to those observed on high-T c superconducting cuprates and MgB 2 films. 38 Besides the anomalous sign reversal of Hall resistivity, another interesting feature in the mixed-state Hall effect is the scaling behavior, ρ xy ∝ (ρ xx ) β . The insets of Fig. 5(a) and 5(b) demonstrate the plots of log 10 |ρ xy | vs log 10 ρ xx for BFCA with x = 0.08 and 0.10, respectively. The data were taken respectively at fixed magnetic fields and fixed temperatures shown in Figs. 4 and 5, respectively. In the inset of Fig. 5(a) , the data for BFCA with x = 0.08 clearly display the power-law relationship encompassing a variation in ρ xy of three orders of magnitude from the detected limit of ∼10 −10 cm. The data taken from the fixed-magnetic-field and fixedtemperature measurements follow the power-law relationship with β = 3.0 ± 0.1 and 3.4 ± 0.4, respectively. In the inset of Fig. 5(b) , the data for BFCA with x = 0.10 also follow the scaling correlation with β = 2.0 ± 0.2 in the regime of positive Hall resistivity. The cusp in the inset of Fig. 5(b) is an artifact of the absolute value |ρ xy |, corresponding to where ρ xy passes through zero. This scaling law was first observed by Luo et al. 39 for YBCO films with β = 1.7 ± 0.2 and by Samoilov et al. 40 for Bi 2 Sr 2 CaCu 2 O y single crystals with β = 2.0 ± 0.1. The Hall scaling behavior is a complicated phenomena, and a number of theories have been proposed to account for it. Dorsey and Fisher 41 developed a scaling theory in terms of glassy scaling near the vortex-glass transition and obtained an appropriate value β = 1.7. An alternative model where β = 2.0 in the thermally assisted flux-flow region was suggested by Vinokur et al. 42 Wang, Dong, and Ting (WDT) 19 also developed a unified theory for the anomalous Hall effect including both the flux pinning effect and thermal fluctuations. They explained the sign reversal of Hall resistivity and scaling behavior by taking into account the backflow current effect on flux motion due to pinning, and achieved the scaling exponent β changing from 2 to 1.5 for increasing pinning. Many studies 13, 43, 44 on high-T c superconductors with columnar defects adopted WDT's theory to describe their experimental results. Other proposed theories, such as the calculation of σ xy for d-wave superconductors having β = 1, 45 and the idea 46 of β varying from 1.4 to 2.0 during the dimensional crossover from a threedimensional to a two-dimensional vortex state as the magnetic field increases have also been presented. Here the exponent β = 2.0 ± 0.2 for BFCA with x = 0.10 is in agreement with the results in theories or experiments on high-T c superconductors. However, the exponent β = 3.0−3.4 for BFCA with x = 0.08 seems to be beyond the theoretical prediction. Considering WDT's theory, a larger β value implies weaker pinning, which is consistent with the relatively low activation energy, critical current density, and pinning force for BFCA with x = 0.08 as previously presented, and results in a diminishing sign reversal of ρ xy in mixed state. Larger β values exceeding 2 have also been observed on YBCO/PBCO superlattices with weaker pinning. 18 More theoretical details on the pinning dependence of the β value are necessary. The relatively strong pinning in BFCA with x = 0.10, as we have noted before, is an interesting subject and needs to be further examined. Pinning generally originates from the pointlike impurities, defects (vacancies), or twin structure and magnetic domain boundaries in single-crystal superconductors, which will exhibit their characteristic transport properties in normal state. Anderson 47 has proposed a clue to perceive the normalstate Hall anomaly by distinguishing between the relaxation rates for the carrier motion normal to the Fermi surface and parallel to it. The theory predicts especially the behavior of the Hall angle when in-plane impurities are introduced and has been applied to high-T c superconductors. [48] [49] [50] According to Anderson's theory, 47 the transverse (Hall) relaxation rate is determined by scattering between excitations, and varies with T 2 . The scattering from magnetically active impurities introduces additional terms in the transport scattering rate 1/τ tr and Hall relaxation rate 1/τ H . For the transverse scattering rate, Anderson introduced
T (K)
where J is the bandwidth of spin excitations (or the spinexchange energy in Anderson's theory) and 1/τ M is the impurity contribution. For the Fermi surface formed by spinons, the transport scattering rate 1/τ tr is proportional to the resistivity, i.e., σ xx , which is, in turn, proportional to τ tr , whereas σ xy is proportional to τ H τ tr . On the other hand, the Hall angle θ H = tan −1 (σ xy /σ xx ) involves 1/τ H only, and Eq. (2) implies
where ω c = eB/m * , m * is an effective mass, and C is the impurity contribution. Combining Eqs. (2) and (3), we can see that corresponds to 1/(J ω c ) and C = 1/(τ M ω c ). The value of C/ = J (1/τ M ), which is independent of the effective spinon mass, can reflect the product of spin-exchange energy and impurity scattering rate.
To verify Eq. (3), in Fig. 6 (a) we have plotted cot θ H vs T 2 for BFCA with x = 0.08 and 0.10 measured in a field of 7 T. As can be seen, the data fall on a straight line in the temperature range below ∼245 K. By using the line fitted to Eq. (3), the parameters and C can be obtained. 49 the relatively large C/ value for BFCA with x = 0.10 infers a larger contribution of impurity scattering to the transport in normal state. This impurity scattering, due to more Co atoms in the FeAs plane, may cause the pinning of flux lines by pointlike defects, disorder, or twin structure and magnetic domain boundaries when the temperature decreases into the mixed state. It should be noted that the presence of such disorder is not necessarily an issue of sample quality, as pointed by Inosov et al. 12 for their BFCA single crystals. Moreover, it is worthwhile to point out that Rullier-Albenque et al. 25 have recently obtained the same results of T 2 dependence of cot θ H for their BFCA samples and described this behavior by considering the electron-electron scattering. Both the spinonspinon scattering and fermion-fermion interaction can lead to the T 2 process. Thus, the normal-state transport mechanism merits more in-depth investigation. The values of the obtained exponent β and C/ for BFCA samples are also shown in Table I for comparison. A smaller β value and a larger C/ ratio suggest a scenario of stronger pinning originated from more impurity scattering for BFCA with x = 0.10. It is interesting that even though the T c is slightly lower than that of the optimally doped sample, the flux pinning can be enhanced by adding the Co dopant in BFCA. However, as reported by Shen et al., 9 for an overdoped sample with x = 0.12, the pinning energy falls down to be much smaller than that of the optimally doped sample. A full understanding of the likely competition between strengthening of superconductivity by doping and weakening by disorder and/or impurities needs more samples with different compositions studied. Our electrical and magnetization measurements provide a significant understanding to the flux pinning in BFCA with x = 0.10, which shows Hall sign reversal in mixed state.
Having observed the sign reversal of Hall resistivity and noticing relatively strong pinning in BFCA with x = 0.10, one can then proceed to consider WDT's theory for describing the anomalous mixed-state Hall effect. In an earlier paper, 51 Wang and Ting have approximated the behavior of the maximum Hall resistivity ρ xy , max in the sign reversal region as described by
where F p is the average pinning force, J T is the transport current density, and N is the carrier concentration. The magnitude of ρ xy , max being proportional to the average pinning force is the most important consequence of Wang and Ting's theory. From Eq. (4), an appropriate form of F p can be obtained to approximate the variation of ρ xy , max with different fields or temperatures. Since the transport current in our measurements is constant, the magnitude of ρ xy , max is only proportional to the average pinning force. If the temperature dependence and magnetic-field dependence of F p can be determined, the behavior of ρ xy , max can be understood by Wang and Ting's theory. Figure 6(b) shows the ρ xy , max extracted at different fields. For comparison, the field dependence of normalized pinning force F p /F p , max for BFCA with x = 0.10 at temperature of 0.8T c is also shown in Fig. 6(b) . As can be seen, the variations of both ρ xy , max and F p /F p , max show a concave downward behavior. Since ρ xy , max (H ) occurs at different temperatures while F p is obtained at fixed temperatures, the temperature dependence of ρ xy , max should be taken into account. Nishizaki et al. 52 have proposed that the temperature dependence of F p is proportional to (1 − t) 1.5 near T c , where t stands for the reduced temperature. After substituting the proportion factor (1 − t) 1.5 into Eq. (4), the term ρ xy, max /(1 − t) 1.5 should be independent of temperature. The inset of Fig. 6 plots the normalized ρ xy, max /(1 − t) 1.5 against the reduced field h, which is defined by h = H/H 0 with H 0 = 3 T for the magnitude of ρ xy , max falling down to near zero. Also shown in the inset of Fig. 6 is a normalized h(1 − h) 2 curve for comparison. As can be seen, the magnitude of ρ xy, max /(1 − t) 1.5 indeed shows a h(1 − h) 2 -like dependence, which is analogous to the point defect pinning as reported by Sun, Liu and Lin. 6 Here we also note the different fielddependence types between the normalized ρ xy, max /(1 − t) 1.5 and F p /F p , max derived from our magnetization measurements. It is because they are obtained in different temperature regimes in which the vortex motion can be dominated by different types of pinning due to dimensional crossover. 53 In fact, the observed maximum positive Hall resistivities ρ xy , max occur at the temperatures of 0.91-0.97t, which are higher than those for the measured F p . Our results are also in agreement with the calculation made by Zhu et al. 21 They expanded upon WDT's theory and showed that the boundaries of the sign-reversal ρ xy region are located at temperatures near 0.97t, which are close to the boundaries between the plastic flow liquid and elastic moving glass. The observed sign reversal of the mixed-state Hall resistivity coincides with the theory including the pinning-induced backflow effect and plastic flow mechanism in vortex dynamics.
IV. SUMMARY
In summary, the longitudinal and Hall resistivities, and the magnetizations of BFCA crystals with x = 0.08 and 0.01 are reported. For BFCA with x = 0.10, larger values of activation energy, critical current density, and pinning force are obtained, indicating relatively strong pinning. Also shown is the sign reversal of Hall resistivity evidently observed on BFCA with x = 0.10. Both samples show a scaling behavior of ρ xy ∝ (ρ xx ) β , where the exponent β = 2.0 ± 0.2 for BFCA with x = 0.10 is in agreement with the theoretical and experimental results on high-T c superconductors, and the exponent β = 3.0-3.4 for BFCA with x = 0.08 is beyond the theoretical prediction. Moreover, the normal-state Hall angle is also observed to follow cot θ H = T 2 + C in BFCA crystals, and can be explained by the spinon-spinon scattering theory. The relatively large C/ value for BFCA with x = 0.10 implies a larger contribution of impurity scattering due to more Co atoms in the FeAs plane, which may cause stronger pinning of flux lines. Finally, Wang and Ting's theory is utilized to quantitatively analyze the observed sign reversal of Hall resistivity of BFCA with x = 0.10, and the variations of both ρ xy , max and F p /F p , max in fields show an analogous behavior. The results coincide with the theory including the pinning-induced backflow effect and plastic flow mechanism in vortex dynamics.
